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Abstract 

^ . A pseudo-Goldstone boson for quintessence is known to require the de- 

cay constant F q ~ Mp and the height of the potential (0.003 eV) 4 , and 
hence the pseudo-Goldstone boson mass of order 10~ 33 eV. The model- 
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l/") ' dependent axion in some superstring models is suggested as a good candi- 



es 

o 



date for the quintessence. We realize this idea with a hidden-sector gauge 



Q\ • group SU(3)h x ^(l)^- The hidden-sector instanton contribution to the 

quintessence potential is suppressed by the almost massless hidden-sector 
i-£h ' quarks. The model-independent axion is the QCD axion required for the 

strong CP solution. 
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Various mass scales in physics have been the most unambiguous hints toward new physics. 
For example, the weak scale ~ 250 GeV has led to the construction of the standard model. 
The Einstein-Hilbert action with the scale parameter Mp = 2.44 x 10 18 GeV gives the long 
range gravitational interaction. From the huge ratio of these two known scales, technicolor 
and supersymmetry solutions of the hierarchy problem were proposed [[J , which triggered 
the main research activities of high energy physics in the last twenty years. In addition there 
exists a theoretically favored (but still experimentally unproven) axion scale at the window 
10 9-12 GeV @ which awaits to be uncovered in the near future ||. Also, there exists the 
scale n in supersymmetric models which is in principle an independent parameter ||. 

In addition, another very important scale revealed gradually in the recent years from 
the shadow is the vacuum energy density or the cosmological constant. Since the Einstein 
gravity without the cosmological term was so successful, it has been the theoretical prejudice 
that it must vanish. Experimentally, one could have given at most an upper bound on the 
cosmological constant before 1998. But with the first round observation on the negative 
decceleration parameter in 1998 0, which has to be confirmed with more data, the hypoth- 
esis of a positive but a small nonzero cosmological constant has attracted a great deal of 
attention ||. If confirmed, it introduces a new physical scale of order 

A c .c. = (0.003 eV) 4 ~ 10" 46 GeV 4 . (1) 

This scale for the cosmological constant is so small that it must come from a ratio of a 
hierarchical number or from an exponentially suppressed number. From the perturbative 
analysis, one usually obtains a hierarchical ratio. If so, a plausible ratio is 

ew _ a o ^ in-39 n„\T^ ew . .a o 1 n-55 n„\r4 



- 4.2 x 10~ 39 GeV 4 , -ff ~ 4.3 x 10" 55 GeV 4 (2) 

IVl p lVl p 

where v ew is the known electroweak scale. The term suppressed by Mp gives a too small 
number responsible for the nonzero cosmological constant since the possible couplings would 
reduce the number further. The term suppressed by Mp is a bit large but the couplings 
multiplied would lower the number further, and can lead to a desired vacuum energy of 
order 10" 46 GeV 4 . In this scenario, the vacuum energy suppressed by Mp can interpret the 
correct magnitude of the negative decceleration parameter @. 

On the other hand, there exists another plausible scale for supersymmetry breaking, 
the intermediate scale at 10 10-13 GeV ||. In Eq. (2), we did not consider this scale under 
the assumption that the real physical parameters at the observable sector are provided 
by the mass splitting of superpartners. In this theory, the vacuum energy and its one- 
loop correction are of order the intermediate scale ||, but in a theory with the vanishing 
cosmological constant following the philosophy of Ref. |7[], our starting point is that the 
vacuum energy is zero at the minimum of the potential. However, this intermediate scale 
must be scrutinized in specific quintessence models. 

The best candidate for quintessence is a pseudo-Goldstone boson |6|J^,p!0|] .f\ In string 
models, usually the string axions belong to this category J7,l0|. The key point for this 



1 For more quintessence idea, see Ref. [11 
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argument is that in a specific direction of the parameter space the potential is almost flat 
to realize the extremely shallow quintessence potential. Namely, the fundamental theory 
must have a spontaneously broken global symmetry with a very tiny explicit breaking term 
of order 1/Mj, §]. 

In supergravity, the supersymmetry breaking is introduced by the confining force in the 
hidden sector As usual, we introduce the hidden sector as appearing at 10 10-13 GeV 

which contains a confining gauge group. 

Even though the model presented in Ref. 0, with a hidden sector SU(2)h, nicely in- 
troduces the quintessence vacuum energy, the model itself destroys the successful gauge 
coupling unification due to the introduction of the extra SU{2) W triplet fields in the model. 
The SU(2)w gauge group has been used in Ref. to protect the hidden-sector (h-sector) 
quarks from obtaining mass. Toward the gauge coupling unification, a gauge group needed 
to protect the h-sector quark from obtaining mass might be restricted to £/(l)'s so that 
the difference of SU(3) C and SU{2) W f3 functions is not changed from the minimal super- 
symmetric standard model(MSSM). The (3 function for U(l)y can also be unchanged if the 
h-sector quarks carry zero electromagnetic charge. Therefore, we must decouple the hidden 
sector from the observable sector. 

In this paper, we try to build a quintessence model purely from the theory of the hidden 
sector decoupled from the observable sector. The hidden sector nonabelian group can be 
semi-simple, but we will restrict to the simple group SU(3)h as an example. The group 
SU(2) is smaller, but starting with the universal coupling constant at the Planck scale, 
SU{2) is not large enough to be strong at the intermediate scale. With SU(3)h, one can 
introduce a small number of h-quarks than in QCD and can make the coupling strong at 
the intermediate scale.0 We will also introduce a U{1) factor gauge group, U(1)h, and the 
h-sector gauge group is assumed to be 

SU(3) H x U(1) H . (3) 

If the extra superfields do not carry any quantum number of SU(3) C x SU(2) W x U(1)y, the 
h-sector is a real hidden sector from the observable sector. Its effect is transmitted to the 
observable sector only by gravity. We introduce four h-sector chiral quarks(h-quarks) and 
three singlets whose quantum numbers are shown in Table 1. 

Table 1. The SU(3)h and U{1)h quantum numbers of superfields. 





Qi 


Q 2 




g 4 


Si 


s 2 


5*0 


SU(3) H 


3 


3 


3* 


3* 


1 


1 


1 


U(1)h 


4 


-4 








1 


-1 






2 If needed, one can introduce SU(4)h not changing our conclusion. 
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The renormalizable terms for the singlets are 



W = f S 3 + f 1 S 1 S 2 S - fiS^ - fi'S 2 + ft" 2 S . (4) 

The vanishing U(1)h D-term sets \ (S\) \ = \(S2)\- Vanishing of the F-term gives 

v(-fi + f 1 S ) = 0, 3f S 2 + f 1 S 1 S 2 -2 f x'S + fi" 2 = 0, (5) 

where we have the usual \i and /i' terms, and \ (Si) \ = K^)! — v. and //' are assumed 
to be at TeV scale, for which there can be many solutions |Q. These solutions assume some 
kind of symmetry such as U(1)pq, U(1)r, or others. If the symmetry is global, one expects 
a Goldstone boson when it is broken. In this paper, however, we will try to introduce a 
global symmetry from a gauge symmetry and hence treat these mass parameters //, /i' and 
/j," just as inputs. We will comment more on the \x parameter later. 
Let (Si) = e i(a+/3) v and (S 2 ) = e i{a ~^v. Then, we obtain 



(4-2^ + fl ^). (6) 

Thus the U(1)h symmetry is broken at a TeV scale and we expect a neutral gauge boson at 
this scale. Since this hidden sector U(1)h interacts with the observable sector only through 
gravity, it is not expected for this extra U(1)h gauge boson to be found at high energy 
accelerators. 

The most dominant SU(3)h x U(1)h invariant couplings are 

Q1Q3S2, 77tQiQ45 , 2! -rjrQ 2 Q i S 1 , (7) 



which can lead to the desired vacuum energy since it is suppressed by Mp. The terms given 
in Eq. (7) break the following chiral symmetry 

{Qi, Q2, Qs, Q4} -> e ia {Q u Q 2 , Q 3 , Q 4 }. (8) 

The Si fields are invariant under the above chiral transformation. The h-quarks would obtain 
mass of order v 4 /Mp ~ 2.7 x 10~ 46 GeV which leads to the almost zero h-sector instanton 
potential, 

~ m Q M *-*™° ~ 10- 98 GeV 4 (9) 

Ah, 

for M h _ gluino ~ 100 GeV, M Q ~ Sf/Mp (i = 1, 2) and A h ~ 10 13 GeV. Therefore, the in- 
stanton potential is not important, compared to the above explicit chiral symmetry breaking 
terms given in Eq. (7). The h-squarks (the superpartner of h-quark) are assumed to have 
no condensation. This point is essential for interpreting a model-dependent axion a^D as 
the quintessence. 

First we note the following. If there is a hierarchy between two scales for two pseudoscalar 
bosons both of which couple to two independent explicit symmetry breaking terms, then 
one can easily estimate the decay constants and masses of the bosons due to the inverted 
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order decay constant theorem: The smaller decay constant corresponds to the larger explicit 
symmetry breaking scale, and the larger decay constant corresponds to the smaller explicit 
symmetry breaking scale |I3|JI^ ,[?[] . 



To show this, let us consider two Goldstone bosons, a 1 and a 2 , with decay constants F 1 
and F2, respectively, arising from the spontaneous breaking scales F\ and F2 of two global 
symmetries. Without explicit symmetry breaking terms, there will be no potential depending 
on a\ and 02, due to the Goldstone theorem. If there exist explicit symmetry breaking terms, 
there result a±- and 02- dependent potentials which must be periodic functions of a\ and 02- 
Since the original global symmetry can be called phase symmetries, the fields must return to 
itself after shifts of a x — > ai + 2irFi/ai or a 2 — > a2 + 27rF 2 /a2 where a.\ and a.2 are determined 
by the quantum numbers of the fields breaking U(l) global symmetries. Therefore, if there 
exist two explicit symmetry breaking terms, then the potential is of the following form, 

( d\ 02\ f n a l a 2 \ 

V ~ —V\ cos I «i— + a 2 — — V2 cos I pi — + p 2 — + constant 
V b\ 1*2/ V -Ti bi J 

where the hierarchical explicit symmetry breaking scales are parametrized by V\ and V2, and 
both q;i and 02 are nonzero(i.e. two disconnected sector is not considered). To give masses 
to both bosons, we require a\jai 7^ p\. For a hierarchy, V\ ^> V2, one Goldstone boson 
determined by the dominant symmetry breaking scale is approximately, 

a\ a 2 a' 

Cti— + Cl2— OC — 

F x F 2 F> 

where 

F 1 = FlF2 



a\Fl + a\Fl 



F' is the decay constant corresponding to the mass eigenstate a'. If there is a hierarchy 
among the decay constants, say Fi ^> F 2 , then we obtain F' ~ F 2 /a2, i.e. the decay 
constant corresponding to the larger explicit symmetry breaking scale V% is the smaller (i.e. 
F 2 ) of F\ and F 2 , leading to the inverted order theorem. Orthogonalization of the mass 
matrix leads to the other mass eigenstate whose decay constant is the larger scale F\ and 
explicit symmetry breaking scale is the smaller one V2. 

There are two kinds of axions in superstring models. The model-independent ax- 
ion is present in any superstring models. It is basically the second rank antisymmet- 
ric tensor field B^^u = 4D indices) after compactification. The model-dependent ax- 
ion couples to the fields universally. In addition, there exist model-dependent axions 
By = internal indices) whose properties depend on how the model is compactified. 
The numbers of mo del- independent and model-dependent axions are the zeroth and the 
second Betti numbers, respectively. 

One very well-known example of the above theorem is the 77-axion mixing. The chiral 
symmetry breaking of QCD introduces the QCD scales ~ 1 GeV and 100 MeV as the explicit 
symmetry breaking scales for rj and axion, respectively. The decay constants of 77-meson and 
axion are of order 1 GeV and F a ~ 10 9-12 GeV [0, respectively. Due to the above theorem, 
77 obtains a mass of order 1 GeV, and axion obtains a mass of order (0.1 GeV) 2 /F a . Another 
example is the axion decay constant calculated in Ref. (0,f5l. 
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In the present case, however, we have four Goldstone bosons, the model-independent 
axion cimi, a model dependent axion omb, the pseudoscalar a h - g i arising from the h-sector 
gluino condensation of order A\ ~ (10 13 GeV) 3 , and the pseudoscalar a h _ qu arising from the 
h-quark condensation below the electroweak scale. [] 

Therefore, in the present case one cannot state as simply as for the case of two Gold- 
stone bosons. Toward an explicit discussion, we will choose the decay constant scales 
for aui and omd as F a ~ 10 12 GeV and F q ~ Mp, respectively 0. The decay con- 
stant for cth-gi is fh-gi-^h, and the decay constant for ah- qu is about the electroweak scale, 
(h — quark • h — quark) ~ (fh-qu v ) 3 where v ~ 250 GeV. Here, /'s are dimensionless param- 
eters. 

The explicit breaking scales giving Goldstone bosons tiny masses are the h-sector gluino 
condensation Ah, the QCD scale Aqcd, £u-qu ~ v 7 / 4 /Mp /4 from Eq. (7), e A which arises from 
the h-quark mass suppressed h-sector instanton potential, and f^ gl Af/ 2 /M p 2 . Numerically, 
eA is negligible compared to the others, and hence we will neglect eA. Among these, the 
largest explicit breaking scale is A^. The Goldstone boson affected by A^ is a,h- g i- Thus, 
dh-gi obtains a mass of order A^. Among the remaining scales, the largest explicit breaking 
scale is Aq C d- The Goldstone boson ah- qu corresponding to the h-quark is separated from 
QCD. Thus, among the other two, a MI and omd, where we choose their decay constants at 
the scales 10 12 GeV and M P , respectively, aui corresponds to Aq C d and (Zmd corresponds to 
Mp according to the inverted order decay constant theorem. Thus, the very light axion for the 
strong CP solution can be realized by aui with an appropriate F a ~ 10 12 GeV |fF|,|T6|. Now 
the shallow potential for the remaining omd is compared to the other explicit breaking terms 
and we can consider 2x2 mass matrix of the remaining Goldstone bosons, omd — a>q and 
ah-qu- These two pseudoscalars have the hidden sector interaction. The two decay constants 
have a hierarchy F q ~ M P ^> fh- qu v. Thus, again from the inverted order decay constant 
theorem, ah- qu with the decay constant ~ v corresponds to the explicit breaking scale €h- qu 
and a q corresponds to the explicit breaking scale (10~ 46 GeV 4 ) 1 / 4 ~ 10~ 1L5 GeV. Thus the 
mass of the Goldstone boson ah- qu is about e 2 h _ qu / ' fh-qvV ~ 2.6 x 1CT 22 GeV / fh- qu , and the 
remaining a q which we interpret as quintessence has the decay constant F q ~ Mp and mass 
~ 1CT 33 eV. Since the model-dependent axion which arises from the compactification scheme 
is interpreted as quintessence, it is possible to expect F q ~ Mp in some compactification 
models. 

Now we proceed to discuss the couplings of the quintessence to matter fields. Let us 
assume that the quintessence is a mo del- dependent axion so that we use omd — a q with the 
decay constant Fmd — F q . Then, we can imagine the couplings of omd — a q , being moduli, 

±_ e ia MD /F, Ql Q^ . . (10) 
Then the terms given in Eq. (7) is invariant under the transformation (8) with the shift of 

1MB 



3 If the fermion bilinears condense, then supersymmetry is broken. In this paper, we assume 
supersymmetry below the h-sector scale, and hence the h-quark condensation scale is assumed to 
be of order the mass splitting between superpartners. 
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AMD — ► &MD — OlFmD- (11) 

If the first term in Eq. (10) is the only allowed coupling, then the super symmetric F-terms 
do not generate a potential for auo- However, there can exist other terms denoted by dots. 
In this case, the supersymmetric terms can generate a MD dependent potential; but these are 
suppressed by Mp, viz. V ~ J2i \9W/d(pi\ 2 . With a broken supersymmetry, the soft terms, 
i.e. m 3 / 2 • (Eq. (10)), can give a potential depending on a q . This is a situation we imagine to 
be realized for a natual quintessence. The vacuum energy generated by (QxQzSf) breaks the 
above shift symmetry, and the Goldstone boson corresponding to the shift symmetry obtains 
a mass of order ((V) / F 2 ) 1 ^ 2 ~ 10~ 33 eV. For this argument to be valid, the superpotential 
terms are restricted by some kind of symmetry (using global and discrete symmetries) so 
that superpotential terms with D < 5 are forbidden. 

But in string models, the global symmetries are badly broken by the world-sheet instan- 



ton effect ||17yi8| . The coupling of the model-dependent axion is given by 

W~ $i$ 2 $ 3 (l + ee- R/Mp ) (12) 

where e denotes the importance of the world-sheet contribution, R = r — ia^D is the chiral 
field containing aMD, and $i<l ) 2 < ^3 represents a generic superpotential term. As discussed 
in the previous paragraph, coupling of the mo del- dependent axion to superpotential terms 
with D < 5 can be too large for a successful identification of aMD as <V But l nere is a 
caveat in this argument. The dangerous aMD coupling in Eq. (12) for it to be quintessence 
arises if the vacuum expectation value ($ 3 ) is much larger than (0.003 eV) 4 . 

If the terms in the superpotential do not generate nonvanishing VEV's, then the model- 
dependent axion coupling is negligible. From the superpotential of the type (12), one obtains 
soft terms and fermionic terms of the following form, 

Koft ~ ^3/2$! $ 2 $ 3 (3 + 3ee- R / Mp + ee~ 2R l Mp ) + h.c. (13) 
— Cy ~ — V^iV^'^l + ee~ R l Mp ) + h.c. + (permutations) + (axino terms), (14) 

where field is the fermionic superpartner of $j. 

Interactions are obtained from the superpotential (12) where we suppressed couplings 
for simplicity. The potential 



</>i=*l,*2,*3,fl 



dW 2 



(15) 



includes the ajv/D-dependent terms of the following form, 

$i$ 2 (l + ee~ R/Mp ) 2 + (permutations), (16) 
from which we extract dominant supersymmetric aMD-dependent couplings, 

2ee- r/Mp |$i$ 2 | 2 cos + (permutations) (17) 
where we shifted omd so that e becomes real. 
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From the above example, one can see that the most dangerous terms can come from 
superpotentials constructed from SU(3) x SU(2) x £7(1) singlet fields. If all the singlets 
involved in the couplings,viz. Eqs. (15) and (16), obtain superheavy vacuum expectation 
values, our argument for the quintessence cannot be realized. Therefore, we assume that 
superpotentials constructed with singlet fields do not give nonvanishing vacuum energy, 
namely at least one scalar component of <3>j in Eq. (13) has the vanishing VEV. For Eq. (16) 
not to contribute, at most one out of $i, $2 and $3 can have a nonvanishing VEV. Note that 
the fermionic components of the singlets do not condense and Eq. (14) is not particularly 
important for the singlets. 

But Eq. (14) can be important for the fields of the minimal supersymmetric standard 
model(MSSM). In the MSSM let us first consider V soit . The A-terms of the MSSM Yukawa 
couplings in the charge and color conserving vacuum do not generate a auD dependent 
potential. Among the MSSM couplings, therefore, the relevant term is the B-term from 
the /x-term [Q since (HiH 2 ) 7^ 0. If the /1 term is corrected as above by the world-sheet 
instanton effect, then the model-dependent axion cannot be identified as the quintessence. 
However, the argument given in Ref. |18| does not apply to the /x-term.Q 



Next, the most dangerous term is the Yukawa couplings Ly. The known quark condensa- 
tion and VEV of the Higgs doublet fields would generate an electroweak scale vacuum energy 
which is enormous compared to the quintessence potential if it is coupled to clmd- But if the 
model-dependent axion potential to the MSSM fields is universal, then the Yukawa coupling 
is not dangerous. In this case, we can write the coupling as 

- (1 + ee- R ) ■ (£ /;>/V //, + E $ fi V#a) + h.c. (18) 

ij ij 

where i,j are the family indices. At the minimum of the potential the vacuum energy is 
zero, i.e. 

- (£ .11/1' <l J H: + E />V #2> = 0. (19) 

ij ij 

Therefore, at the minimum the tree level clmd potential is vanishing even if we consider the 
quark condensation. 

At the electroweak scale another relevant term in the superpotential is the /1 term, 
HH1H2. If we treat /1 as an input parameter, then we can neglect its coupling to cimd 
through Eq. (12), as commented above. But in some solutions of the /1 problem, it is gen- 
erated through nonrenormalizable terms in which case we should consider the coupling of 
the type Eq. (12). Then it leads to a too large potential for the model-dependent axion to 
be the quintessence. For example, one may consider only cubic terms in the superpoten- 
tial Wq inspired by string models [pOp. Therefore, /iifii/2 is absent in Wq. Wq is assumed 



4 In Ref. jn|, ^i^>2^3 e R coupling was obtained by considering the expectation value of the 
dilaton vertex operator Vb between the fermionic states, e.g. (i, |> — \\Vb\ — Sj|)- 
For the \x term, however, one needs to calculate (|, |, |, — i|l| — i, — 5, — |, |) which seems to be 
vanishing. 
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to contain the singlet terms with the intermediate scale VEV's. Supergravity can con- 
tain nonrenormalizable terms WoHiH 2 / Mp which will give the desired magnitude of \x for 
(Wo) ~ (intermediate scale) 3 . For this nonrenormalizable term, we expect that there exists 
a world-sheet instanton correction which is not expected to take the universal form Eq. (12). 
In this case, auD cannot work as the quintessence. In the same vein, any solution of \x by the 
superpotential is thought to have the same problem. However, if the world-sheet instanton 
correction to the nonrenormalizable potential also takes the universal form Eq. (12), then 
the requirement of vanishing vacuum energy gives the auo coupling negligible. 

In conclusion, we investigated a model to interpret a model-dependent axion a MD as 
quintessence. For this idea to work, there must exist a symmetry so that superpotential 
terms generating a vacuum energy of order v^ w /Mp must be forbidden. We realize this idea 
introducing a SU(3) x U(1)h gauge symmetry in the hidden sector. 
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